After synthesis in the cytoplasm, H1 histones are imported into the nucleus through an energy-dependent process that can be mediated by an importin ␤-importin 7 (Imp␤-Imp7) heterodimer. H1 histones contain two structurally different types of nuclear localization signals (NLS). The first type of NLS resides within the unstructured C-terminal domain and is rich in basic amino acids. In contrast, the highly conserved central domain of the H1 histone contains comparatively few basic amino acids but also represents a functional NLS. The competence for the nuclear import of this globular domain seems to be based on its secondary structure. Here, we show that the Imp␤-Imp7 heterodimer is the only receptor for H1 import. Furthermore, we identified the import receptors mediating the in vitro transport of different NLS of the H1 histone. Using the digitoninpermeabilized cell import assay we show that Imp␤ is the most efficient import receptor for the globular domain of H1 histones, whereas the heterodimer of Imp␤ and Imp7 is the functional receptor for the entire Cterminal domain. However, short fragments of the Cterminal domain are imported in vitro by at least four different importins, which resembles the import pathway of ribosomal proteins and core histones. In addition, we show that heterodimerization of Imp␤ with Imp7 is absolutely necessary for their proper function as an import receptor for H1 histones. These findings point to a chaperone-like function of the heterodimeric complex in addition to its function as an import receptor. It appears that the Imp␤-Imp7 heterodimer is specialized for NLS consisting of extended basic domains.
Histones are the protein component of the fundamental structural unit of eukaryotic chromatin, the nucleosome. The nucleosome is composed of a core particle consisting of a histone octamer with 146 bp of DNA bent around its surface and an approximately 50-bp linker DNA connecting two adjacent core particles. This linker DNA is associated with H1 histones; hence they are termed linker histones (1) . The four core histones H2A, H2B, H3, and H4 form the histone octamer. Histones are small, very basic proteins. The linker histone H1 is highly enriched in lysine, H2A and H2B are moderately lysinerich, and H3 and H4 are rich in arginine. The size of core histones varies between 11 kDa (H4) and 15 kDa (H3), whereas the H1 histones have a size of ϳ22 kDa. In mammals the class of H1 histones, the linker histones, comprises seven different subtypes, termed H1.1-H1.5, H1°, and H1t (2) . Histones are composed of three domains, the very basic, unstructured C-and N-terminal domains and the hydrophobic, central globular domain, which forms the histone fold motif in the case of the core histones (3) and is involved in histone-histone interactions. During the S phase of the cell cycle, a vast amount of newly synthesized histones has to be imported into the nucleus for the formation of nucleosomes on newly replicated DNA. Thus, histones are among the most abundant substrates for nuclear transport during the S phase.
Nuclear pore complexes are the sole sites of nucleocytoplasmic exchange of proteins. They penetrate the double membrane of the nuclear envelope, allow diffusion of small molecules, and can even facilitate the active transport of large molecules or molecule complexes (4) . Because of their small size, histones might be expected to enter the nucleus simply by diffusion. But we and others have shown that the histones are transported to the nucleoplasm by an energy-dependent and receptor-mediated process (5) (6) (7) (8) (9) (10) .
The receptor-mediated nuclear transport of proteins depends on topogenic signals in the primary sequence of karyophilic proteins. The first NLS identified in karyophilic proteins were short sequence motifs in the large T-antigen of SV40 virus (11) and in nucleoplasmin, an acidic protein involved in chromatin assembly. Both signals consist of clusters of basic amino acids. The NLS in the SV40 large T-antigen consists of a heptapeptide containing 5 basic amino acids, whereas the nucleoplasmin NLS is bipartite and contains two short clusters of basic amino acids separated by a spacer of ϳ10 other amino acids (12) . These two NLS are referred to as classical nuclear localization signals (NLS). 1 In the meantime, other primary structure motifs have been described that facilitate the nuclear transport of proteins, such as the M9 sequence in heterogeneous nuclear ribonucleoprotein A1 (13) , and nuclear targeting signals of ribosomal proteins, such as L23a (14) and L5 (15, 16) . In general, these nonclassical nuclear targeting signals are longer than the two classical NLS motifs (for review see Ref. 17) .
Histones contain several portions that are capable of mediating nuclear transport. One type of topogenic sequence (NLS type 1) consists of clustered basic amino acids in the unstructured, extended parts of either core or linker histones. NLS of this type have been described within the N-terminal tails of yeast core histones (18 -20) and of human core histones (10) and within the C-terminal extended portions of H1 histones (8) . The globular portions of the histones represent a second type (NLS type 2) of nuclear localization signal (8, 10) . In these cases, not just primary structure motifs but the tertiary structures of the respective protein domains appear to define the topogenic signal.
The active import of proteins into the nucleus requires nuclear transport factors. Transport receptors bind the nuclear proteins on the cytoplasmic side of the nuclear envelope, translocate with these through the nuclear pore complex, release the nuclear protein on the nuclear side of the nuclear pore complex, and finally return to the cytoplasm. The binding of the cargo proteins depends on the state of the Ran GTPase system. The GTP-bound state of Ran, the predominant form in the nucleus, promotes the dissociation of the complex of nuclear protein and import receptor, whereas GTP hydrolysis stimulated by Ran-GAP1 in the cytoplasm facilitates complex formation (21) . All known receptors involved in this transport are at least distantly related to importin ␤, the first identified import receptor (22) . Sequencing of the yeast genome led to the identification of a superfamily of 14 importin ␤-related genes in Saccharomyces cerevisiae, and it is estimated that even more members of this family may be found in higher eukaryotes.
Proteins with classical NLS are transported by a heterodimeric import receptor consisting of Imp␤ and an adapter molecule, termed Imp␣. Many other proteins such as ribosomal proteins (14) , cyclin B (23), and core histones (19, 20, 24, 25) are transported by monomeric import receptors, members of the importin ␤ superfamily. An exception is the nuclear transport of linker histone H1, which depends on a heterodimeric receptor consisting of two members of the importin ␤-family, namely Imp␤ and Imp7 (9) . This complex is also a functional import receptor of two ribosomal proteins, namely rpL4 and rpL6 (26) .
Here we have analyzed the different NLS of the H1 histones with respect to their interaction with import factors. The functional relevance of the observed interactions was verified by reconstitution experiments in the in vitro import assay with recombinant transport factors. Individual NLS of H1 can be imported by individual import factors, but the nuclear import of the entire protein depends on the heterodimerization of Imp␤ with Imp7. This indicates that the heterodimeric complex is not just an import receptor, but it also exerts a histone H1-related function, most likely as a chaperone for this highly basic molecule.
EXPERIMENTAL PROCEDURES
Cell Culture-HeLa cells were obtained from the German Collection of Microorganisms and Cell Cultures (DSM, Braunschweig, Germany). The cells were grown in modified Eagle's medium (Biochrom, Berlin, Germany) containing 10% (v/v) fetal calf serum (Biochrom) and maintained in a humidified incubator with 5% CO 2 atmosphere at 37°C. HeLa cells were removed from plastic dishes by trypsinization and replated at a density of 5 ϫ 10 5 cells/ml of modified Eagle's medium on glass cover slips in wells of a tissue culture plate 48 h before the digitonin-permeabilized cell assay.
Expression Plasmids-The expression constructs for the histone H1°f usion proteins were generated as follows. To allow the expression of fusion proteins of H1°histone and fragments of H1°histone, with two (2z) or six (6z) consecutive z tags (IgG-binding domain from protein A) at the N terminus in addition to a C-terminal His tag, in Escherichia coli, we used the p2z70 vector or the p6z70 vector, respectively (modified pQE70 vector; Qiagen). The coding sequences for the human H1°h istone fragments were either taken from the corresponding pKS vectors of the transfection system (described in Ref. 8) or amplified by PCR from plasmids containing the corresponding histone gene. The amplified or excised fragments were cloned into the BamHI restriction site of the p2z70 vector or into the SmaI/NheI restriction site of the p6z70 vector, respectively.
For binding studies, H1°histone or fragments thereof were exclusively expressed as 2z fusion proteins (p2z70). For the in vitro import assay the globular domain and fragments of the C-terminal domain of H1°histone were used as 6z fusion proteins (p6z70). Full-length H1°h istone containing an additional cysteine (H1°-Cys), used in the in vitro import assay, was expressed in yeast (32) . The cysteine had been introduced by site-directed mutagenesis of the yeast expression plasmid for H1°(pWA310) described in Ref. 32 .
Fragments from Imp7 were amplified from the expression plasmid for Imp7 (28) using PCR with primer pairs that each introduced a BamHI site. The amplified fragments were cloned into the BamHI site of the p2z70 vector. The expression construct for ⌬Imp7 lacking the 2z tag was generated by excision of the corresponding coding sequence for the Imp7 fragment (1-1007) from the pAB73 vector (based on p2z70) with BamHI. This fragment was cloned into the BamHI site of the pQE30 vector (Qiagen) allowing expression with an N-terminal His tag.
Recombinant Protein Expression-The H1°histone and importin 7 fusion proteins were expressed in E. coli JM109 and purified by immobilized metal affinity chromatography on nickel-nitrilotriacetic acidagarose (Qiagen) according to the manufacturer's instructions. Fulllength H1°histone (H1°-Cys) was expressed in S. cerevisiae and purified as described (32) .
The following proteins were expressed in E. coli BLR/Rep4 and purified as described in the literature indicated: Xenopus importin ␣ (29), human importin ␤ (30), transportin (21) , Xenopus importin 7, and importin 5 (28) . Expression and purification of Ran, RanQ69L(GTP), NTF2, L23a 2z and 4z fusion proteins, the IBB-6z fusion protein, and the M9-GST fusion protein was performed as described (13, 14) .
Binding Assays-Bacteria expressing the recombinant 2z fusion proteins were lysed in binding buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5 mM MgCl, 5% (v/v) glycerol, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride), and the cleared bacterial lysate was incubated with IgG-Sepharose beads to a final concentration of ϳ1 mg protein/ml IgG-Sepharose-matrix. The preloaded matrix was washed twice with binding buffer and used as affinity matrix for the binding experiments.
For each binding experiment 20 l of the respective affinity matrix was incubated with 250 l of rabbit reticulocyte lysate (Promega) or with 150 pmol of the corresponding recombinant import factor in binding buffer at 4°C for 3 h in the presence or absence of 1.5 M RanQ69L(GTP) (when indicated). The matrix was then washed twice with ice-cold binding buffer, and bound material was eluted with 1.5 M MgCl 2 , precipitated with isopropanol, and analyzed by SDS-PAGE. The binding experiments for determining the Imp␤ binding domain of Imp7 were done in the same way with recombinant Imp␤ but always in the absence of RanQ69L.
Preparation of Fluorescence-Labeled Import Substrates-The isolated recombinant full-length histone H1°containing an additional cysteine (H1°-Cys), which was expressed in yeast, was dialyzed into 20 mM HEPES, pH 7.3, 110 mM potassium acetate, 5 mM magnesium acetate and incubated overnight at 4°C with a 25-fold molar excess of fluorescein-5Ј-maleimide (Pierce) for fluorescence labeling.
Purified histone H1°fusion proteins expressed in E. coli were dialyzed against 20 mM HEPES, pH 8.0, 300 mM potassium acetate, 5 mM magnesium acetate and incubated overnight at 4°C with a 10-fold molar excess of fluorescein isothiocyanate (Sigma) or alternatively with a 10-fold molar excess of FLUOS (Roche). Labeling of 4z-L23a with fluorescein 5Ј-maleimide was performed in 50 mM HEPES-KOH, pH 7.5, 300 mM potassium acetate, 5 mM magnesium acetate. All of the labeling reaction mixtures were passed over NAP™ 5 columns (Pharmacia Corp.) equilibrated in 20 mM HEPES, pH 7.3, 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 2 mM dithiothreitol, and 250 mM sucrose to remove free fluorochrome.
Nuclear Protein Import Assay-The method used is based on the one established by Adam et al. (27) and includes the modification described previously (24) . The digitonin-permeabilized cells were incubated for 20 min at 23°C with 20 l of a transport reaction mix consisting of 1 M fluorescence-labeled substrates, 10 l of reticulocyte lysate as a source of cytosolic components and an energy-regenerating system (0.5 mM ATP, 0.5 mM GTP, 10 mM creatine phosphate, and 50 g/ml creatine kinase) in transport buffer (20 mM HEPES, pH 7.3, 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 2 mM dithiothreitol, and 250 mM sucrose). For protein import with recombinant transport factors (reconstitution experiments), reticulocyte lysate was replaced by 0.5 M of the indicated transport factor and a Ran mix (3 M Ran(GDP) and 0.4 M NTF2 in transport buffer). For the negative controls the assay was done in the absence of any transport factors, i.e. without reticulocyte lysate and recombinant transport factors.
Depletion of Imp␤ from Reticulocyte Lysate-To deplete reticulocyte lysate of Imp␤, 100 l of rabbit reticulocyte lysate (Promega) was incubated with 20 l of preloaded matrix for 3 h at 4°C. The preloaded matrix was generated by incubation of 10 g of recombinant IBB-2z fusion protein expressed in E. coli with 20 l of IgG-Sepharose for 16 h at 4°C. After incubation of the preloaded matrix with reticulocyte lysate, the matrix with the bound factors was removed by centrifugation, and the supernatant was used as depleted cytosol in the in vitro transport assay.
RESULTS
Previously, we identified transport receptors for the nuclear import of the H1 histones in binding experiments and in the in vitro import assay with recombinant import factors. We found that two ␤-family import receptors, namely Imp␤ and Imp7, play a critical role in the import of H1 histones (9) . Each of the two import receptors binds the histone weakly when tested individually, but the binding is strong for the Imp␤-Imp7 heterodimer. Consistent with that, import of H1°into nuclei of permeabilized cells requires exogenous Imp␤ together with Imp7. Beside this extraordinary receptor requirement, H1 histones contain several NLS belonging to two structurally different types (8) . One type of topogenic sequence consists of clustered basic amino acids (termed NLS type 1) in the C-terminal domains of the H1 histones. The central globular portions of the histones represent a second type (termed NLS type 2) of nuclear localization signals. Fragments of these globular domains could not serve as nuclear localization signals. Therefore, we conclude that the NLS function of this portion of the histones requires information conferred by conformation of the globular domain. Based on this complexity, we analyzed the import routes of these two structurally different types of NLS and tried to characterize the import complex for H1 histones in more detail.
The Imp␤-Imp7 Heterodimer Is the Only Functional Import Receptor for H1 Histones-To address whether the Imp␤-Imp7 heterodimer is the only functional import receptor for H1 histones, we depleted reticulocyte lysate (retic*) of Imp␤ with immobilized IBB (importin beta-binding domain of importin ␣) and tested for its ability to target H1°into the nucleus. As shown in Fig. 1A , the untreated reticulocyte lysate (retic) imports H1°efficiently, resulting in an accumulation of labeled histone in the nucleoplasm and in nucleoli. Nucleolar staining may be due to a vast excess of H1°histones after import into the nuclei of the permeabilized cells, where they may bind to ectopic sites in the nucleus, perhaps as basic proteins to the ribosomal RNA accessible in the nucleolus. This nucleolar staining has been observed previously also with other proteins, for instance with core histones (10, 25) and the parathyroid hormone-related protein (33) .
In contrast to the nuclear import of H1°by the untreated reticulocyte lysate, a significant reduction in nuclear localization of the fluorescent H1°was observed with the Imp␤-depleted lysate (retic*). Hence, the retic* has lost its import competence for H1°, apparently because of depletion of Imp␤. Yet, as shown in Fig. 1A , the import could only be restored when both Imp␤ and imp7 were added back to retic*, indicating that the IBB domain partly depleted the Imp␤-Imp7 heterodimer. This conclusion was verified by immunoblotting (Fig.  1B) . For a control, we used the ribosomal protein L23a. Nuclear import of L23a is achieved by any one of four import receptors (Imp␤, Imp5, Imp7, and transportin) (14) and therefore does not depend exclusively on either Imp␤ or Imp7. Hence nuclear import of L23a should not be affected by Imp␤-depleted reticulocyte lysate. As expected, in the presence of retic* nuclear import of L23a was clearly detectable. In conclusion, these data in combination with our previous results (9) suggest that there is only one functional import receptor for histone H1 in eukaryotic cells, namely the Imp␤-Imp7 heterodimer.
Identification of Importins Interacting with the Different Types of NLS-Because histone H1° (8) Binding of proteins from rabbit reticulocyte lysate to the immobilized H1°NLS was performed in the absence or presence of RanQ69L(GTP) (Fig. 2) . RanQ69L is a Ran mutant that is deficient in GTP hydrolysis and therefore only exists in the GTP-bound state. Binding of RanGTP to the import receptorsubstrate complex leads to a dissociation of the complex and to a release of the import substrate (21) and therefore indicates specificity of receptor binding in this assay. The proteins retained by the histones in absence of RanQ69L, but whose binding was reduced in its presence, were candidate import receptors. Analysis of proteins in the bound fractions by SDS-2 M. Bä uerle, D. Doenecke, and W. Albig, unpublished data.
FIG. 1. The Imp␤-Imp7 heterodimer is the only functional import receptor for H1 histones.
A, in vitro import assay of H1°histone and ribosomal protein L23a. Digitonin-permeabilized cells were incubated with 1 M of fluorescence-labeled substrates (H1°-Cys, 2z-L23a), reticulocyte lysate as a source of cytosolic components plus recombinant import factors as indicated, a Ran mix, and an energy-regenerating system for 20 min at 23°C. For a negative control reticulocyte lysate was replaced by transport buffer (Ran). Untreated (retic) and depleted (retic*) rabbit reticulocyte lysate were used, respectively. Reticulocyte lysate was depleted of Imp␤ with immobilized IBB. Nuclear import of L23a was not affected by depletion, whereas no transport of H1°into the nuclei was detected. The addition of recombinant importin ␤ together with importin 7 to the depleted reticulocyte lysate restored H1°i mport, indicating that H1°import is absolutely dependent on the presence of both Imp7 and Imp␤. B, immunoblot of rabbit reticulocyte lysate (retic) and depleted lysate (retic*). Depletion of the reticulocyte lysate of Imp␤ and Imp7 was verified by immunoblot with antibodies for Imp␤ and Imp7. As expected, most of Imp␤ and Imp7 have been removed in the depletion reaction. Mw, molecular mass. PAGE (Fig. 2) showed very similar patterns of bound import factors for the full-length histone H1°(aa 3-189), the globular domain (aa 21-95), and the C-terminal domain (aa 95-193) of H1°histone, and also for the IBB domain (the Imp␤-binding domain of Imp␣) that is known to interact with importin ␤. The N-terminal domain of histone H1°(aa 1-20) does not bind any import receptor. Binding of Imp␤ and Imp7 was confirmed by immunoblotting (Fig. 2, lower panel) . Binding of the importins may be direct or could be mediated by association with other binding proteins of the reticulocyte lysate (other importins) as has been shown for binding of Imp7 to the IBB domain through interaction with bound Imp␤ (14) . We could not test other import receptors because the appropriate antibodies were not available. Hence we cannot exclude, in this experiment, the possibility that importins other than Imp␤ or Imp7 may bind to the different NLS.
Direct Interactions of H1 NLS with Importins-Binding of the import receptors from the reticulocyte lysate did not yet prove direct interaction of the importins with the different H1°N LS. Because, for example, Imp␤ and Imp7 are able to form heterodimers (28) , Imp␤ retained by the histone matrix can be bound by Imp7 and thus may incorrectly indicate the binding of Imp7 to the histone. To assess whether direct binding of Imp␤ and Imp7 occurs in vitro, we performed binding experiments with recombinant Imp␤ and Imp7. Moreover, because the preceding experiments do not rule out that other importins were recovered by H1°NLS, we additionally expressed two other import receptors, namely transportin (Trn1) and importin 5 (Imp5) in E. coli and used the purified recombinant proteins for the following binding studies. As shown in Fig. 3 (A-D) Imp␤, Imp5, Imp7, and Trn1 each bound efficiently to the full-length histone H1°(aa 3-189) and to the C-terminal domain (aa 95-193) of H1°, whereas only Imp␤ bound to the globular domain (aa 21-95), and none of the importins bound to the N-terminal domain (aa 1-20) of H1° (Fig. 3, A-D) . Because fragments of the C-terminal domain form type 1 NLS, we also tested these fragments for factor binding (Fig. 3, E-H) . All of these fragments interact with all of the importins tested. In all cases RanQ69L(GTP) strongly reduced the binding of importins, demonstrating the specificity of binding.
These experiments indicate that each of the type 1 NLS present in H1°interacts individually with Imp␤, Imp5, Imp7, and transportin. In contrast to these highly basic NLS, the NLS type 2 (globular domain) significantly interacts only with Imp␤. Again, the N-terminal domain of H1°histone does not bind any import receptor, consistent with the observation that this portion of the protein does not function as a NLS (8) . Similar results were observed for H1.2 histone (not shown).
Distinct Nuclear Import Pathways Contribute to the Import of Different H1 NLS-As a consequence of our binding studies, we wanted to investigate the import routes of the individual H1°NLS and compare their import with that of the entire H1°a nd well characterized import substrates. For this purpose, we used the in vitro import assay with digitonin-permeabilized HeLa cells.
Because H1 histones are smaller than the diffusion limit of the nuclear pore, we expressed the H1°fragments as 6z fusion proteins to preclude passive diffusion. The recombinant fusion proteins were labeled with the fluorescence dye as described under "Experimental Procedures."
As shown in Fig. 4A , the nuclear import of full-length histone H1°(aa 3-189), the globular domain (aa 21-95), and the C- were immobilized on IgG-Sepharose and used as an affinity matrix to identify interacting proteins from reticulocyte lysate in the presence (ϩ) or absence (Ϫ) of 1.5 M RanQ69L(GTP). As a control the IBB domain of Imp␣ was used. After washing of the beads, the bound proteins were eluted and analyzed by SDS-PAGE followed by Coomassie staining and by immunoblotting. As verified by immunoblot analysis, the indicated proteins of ϳ95 and 120 kDa correspond to Imp␤ and Imp7, respectively. We cannot exclude that other import receptors of a similar size had bound to the H1°NLS. Imp␤ and Imp7 bound to the entire H1°histone, the globular domain (NLS type 2), and the C-terminal domain (NLS type 1) but only in the absence of RanQ69L(GTP), demonstrating the specificity of binding. The co-eluted fusion proteins are indicated by asterisks. start represents an aliquot of the starting material: rabbit reticulocyte lysate. The z domains alone do not bind to any of the transport receptors (not shown). Note that the N-terminal domain of histones H1°(aa 1-20) does not bind any import receptor and also does not represent a functional NLS in vivo and in vitro (8, and Fig. 4B) . Mw, molecular mass.
FIG. 3. Direct interaction of individual H1°NLS with different importins. Detection of the recombinant import factors bound to histone
H1°or to fragments thereof. Immobilized 2z fusion proteins of H1°NLS were used to bind either recombinant Imp␤ (A and E), Imp7 (B and F), terminal domain (aa 95-193) of H1°occurs efficiently in the presence of reticulocyte lysate (retic) and an energy-regenerating system. Again, the N-terminal domain could not serve as a NLS (first column in Fig. 4A ). These results reinforce the identification of the NLS of histone H1°by the transient transfection experiments (8) .
Next, we tested which import factor or combinations of factors could reconstitute nuclear import of H1°or fragments thereof (Fig. 4A) . For the full-length histone H1°, only a combination of the two transport receptors Imp␤ and Imp7 mediated nuclear import, although all the importins tested (Imp␤, Imp5, Imp7, and transportin) were able to interact directly with the H1°histone (see above). The import of the globular domain of H1°(aa 21-95) was most efficient with Imp␤, consistent with the observation that only Imp␤ efficiently interacts directly with this type of NLS in vitro (see above). The presence of Imp7 did not stimulate nor inhibit nuclear uptake of the globular domain. In contrast to the globular domain, the requirements for import of the C-terminal domain of H1°(aa 95-193) were the same as for the full-length histone, i.e. only the simultaneous presence of both Imp␤ and Imp7 caused nuclear accumulation.
Because individual fragments of the C-terminal domain fused to ␤-galactosidase function as NLS (NLS type 1) in transfection experiments (8), we defined the pathways involved in nuclear import of two fragments of the C-terminal domain of H1°(aa 95-141 and aa 160 -193). These two fragments can also function as NLS in the in vitro import assay in the presence of reticulocyte lysate (first row in Fig. 4B) . Surprisingly, these fragments were imported in the presence of each of the importins tested. These data suggest that at least Imp␤, Imp5, Imp7, and transportin are functional import receptors for individual type 1 NLS of these C-terminal fragments, in contrast to the entire C-terminal domain (aa 95-193), which was only imported in the concurrent presence of Imp␤ and Imp7.
In Fig. 4C , the results obtained with control substrates are shown. In accordance with the literature, the import of a classical NLS (SV40-T-antigen-NLS coupled to human serum albumin) into the nuclei of permeabilized cells was mediated only in the presence of Imp␣ and Imp␤. The M9 domain of the ribonucleoprotein heterogeneous nuclear ribonucleoprotein A1 (13) was efficiently imported into the nuclei only in the presence of transportin, whereas the import of the ribosomal protein L23a was efficient with at least four different importins as previously reported (14) . Import of the IBB domain was very efficient in the presence of Imp␤ (20) , but faint nuclear fluorescence was also observed in the absence of any import receptor (Fig. 4C, Ran) and in the presence of the other import receptors. This may be due to passive diffusion of this substrate across the nuclear pore. Together, these results demonstrate the reliability of the in vitro import assay and the recombinant import factors used in these studies.
In conclusion, the Imp␤-Imp7 heterodimer is essential for the import of the entire basic C-terminal domain of H1°, whereas smaller fragments of the C-terminal domain representing autonomous NLS can use multiple import pathways with individual import factors. The globular domain, which is less basic compared with the C-terminal domain of H1°histone, is imported most efficiently by Imp␤, which re-emphasizes the prominent role that Imp␤ plays for substrate recognition.
Mapping the Imp␤-binding Domain in Imp7-We determined the site in Imp7 responsible for Imp␤ binding using a binding assay with a series of deletions of Imp7. Fusion proteins of fragments of Imp7 with an N-terminal 2z tag expressed in E. coli (Fig. 5A) were immobilized on IgG-Sepharose and tested for their capacity to bind recombinant Imp␤ ( 
FIG. 4.
Reconstitution studies in the in vitro import assay. Import assays were performed essentially as described in the legend to Fig. 1 . Permeabilized cells were incubated with rabbit reticulocyte lysate (retic) or recombinant import receptors with a Ran mix and an energyregenerating system for 20 min at 23°C. Each substrate with the exception of GST-M9 (M9), which was detected by indirect immunofluorescence, was labeled with a fluorescein derivative. A, nuclear import of fluorescence-labeled H1°or domain fragments thereof. The entire H1°fused to 2z domains (aa 3-189) was imported only in presence of both Imp␤ and Imp7. Imp␤ alone was sufficient and most efficient to direct the globular domain of H1°(aa 21-95) fused to 6z domains into the nuclei of permeabilized cells. Note: This fusion protein apparently tends to diffuse passively into the nucleus because we observed a faint nuclear fluorescence even in the absence of any import receptor (Ran). Import of the entire C-terminal domain of the H1°histone (aa 95-193) fused to 2z domains was only accomplished when Imp␤ and Imp7 were simultaneously added. B, nuclear import of individual fragments of the C-terminal domain (aa 95-141 and aa 160 -193) representing individual type 1 NLS fused to 6z domains occurred when just one of Imp␤, Imp7, Imp5, or transportin was present, again the entire C-terminal domain (aa 95-193) was only imported in the presence of both import factors, Imp␤ and Imp7. C, import of reference substrates: SV40 (SV40-NLS coupled to HSA), L23a (4z-L23a), M9 (GST-M9), and IBB (6z-IBB).
schematically diagrammed in Fig. 5C ). The full-length Imp7 (1-1038) bound Imp␤ efficiently. The N-terminal fragment of Imp7 (residues 1-664) bound poorly to Imp␤, whereas Imp␤ binding to the C-terminal fragment (residues 654 -1038) was substantial. The minimal portion of Imp7 that accounts for similar high affinity binding to Imp␤ compared with the fulllength importin was found in the C-terminal part (residues 1008 -1038) of the protein. Deleting this region resulted in a complete loss of binding, narrowing the search to this short peptide (Fig. 5B, right panel) . This C-terminal localization of the interaction domain is in contrast to the localization of the binding site for Imp7 in Imp␤, which is located in the Nterminal part of Imp␤ (Fig. 5D) .
Deletion of the Imp␤-binding Site of Imp7 Abolishes the Formation of the Trimeric Import Complex and the Import Competence for Histone H1-After the active Imp␤-binding site in Imp7 had been narrowed to the C-terminal end of the protein (from positions 1008 -1038), we analyzed a truncated Imp7 protein deleted for this portion (⌬Imp7, aa 1-1008). This mutant protein was expressed in E. coli as a His tag fusion protein similar to full-length Imp7. First, we analyzed ⌬Imp7 in the in vitro import assay. As shown in Fig. 6A , the import of H1°was efficiently reconstituted with Imp␤ together with Imp7. When Imp7 was replaced by ⌬Imp7, no import was observed. Apparently, the Imp␤-binding domain of Imp7 is essential for efficient import of histone H1, whereas this domain is not necessary for L23a import (Fig. 6A) . This indicates that ⌬Imp7 still can act autonomously as a monomeric import receptor.
In binding experiments of recombinant import receptors to immobilized H1°histone (2z-H1°), we could demonstrate that ⌬Imp7 alone interacts with H1°histone almost as efficiently as the wt Imp7 (Fig. 6B ). In combination with Imp␤, binding of ⌬Imp7 to histone H1°seems to be competed by Imp␤, whereas Imp7 is cooperatively bound to the histone. These results demonstrate that heterodimerization of these two import factors is essential for their function as an import receptor for histone H1 import.
DISCUSSION
Histones are a major substrate of nuclear import during the S phase of the cell cycle. In previous studies we have shown that the heterodimer of Imp␤-Imp7 is a functional import receptor of H1 histones (9) . Furthermore, Imp␤ and Imp7 from rabbit reticulocyte lysate bound cooperatively to the histone H1. Unlike H1 import, core histones are imported by at least five different importins, and either Imp␤ or Imp7 is capable of targeting the core histone into the nuclei of permeabilized cells on their own. Cooperativity of both importins has neither been demonstrated in binding studies nor in the in vitro import of core histones (24, 25) . This indicates that core histones are imported by a monomeric import receptor. To understand the physiological significance of these differences, we analyzed the
FIG. 5. Mapping of the Imp␤ binding domain in Imp7.
A, verification of recombinant Imp7 and Imp7 fragments expressed in E. coli. Imp7 and fragments thereof were expressed as 2z fusion proteins in E. coli. Bacterial extracts were analyzed by SDS-PAGE. The expressed proteins are indicated by asterisks. B, detection of bound Imp␤ to fragments of Imp7. 2z fusion proteins were bound to IgG-Sepharose and used as an affinity matrix to bind recombinant Imp␤ out of bacterial extract. The eluate was analyzed by SDS-PAGE. The co-eluted fusion proteins are indicated by asterisks. Note that the minimal domain of Imp7 that bound Imp␤ efficiently comprises aa 1008 -1038. C, schematic presentation of the results of the binding assay. Full-length Imp7 and fragments are drawn as boxes. Dark boxes indicate Imp␤ binding, whereas bright boxes represent Imp7 fragments, which do not interact with Imp␤. D, schematic presentation of the interaction sites of Imp␤ and Imp7 in the trimeric complex. The C-terminal domain of Imp7 containing 31 amino acids is essential for high affinity interaction with Imp␤. The Imp7-binding domain of Imp␤ is located at the N-terminal part of the protein, whereas the H1-binding domain comprises the central part of Imp␤ (dependent on the presence of Imp7) (data from Ref. 9). molecular interaction of H1 histones with their import receptor in more detail.
First we identified the import factors of the reticulocyte lysate that are capable to function as a nuclear import receptor for H1 histones. Depletion of the reticulocyte lysate from Imp␤ abolished the import competence for H1 histones. Because Imp␤ forms a stable complex with Imp7 (28), Imp7 is also depleted from the lysate. With this depleted lysate we were not able to reconstitute nuclear import of H1 histones, but nuclear import of the ribosomal protein L23a and core histones (data not shown) was only slightly affected. Because ribosomal proteins and core histones are imported by one of several import receptors (14, 24) , these results clearly demonstrate the selectivity of the depletion for Imp␤ and Imp7 and that all other import receptors and components of the import machinery are still present in the depleted lysate. Only the readdition of Imp␤ together with Imp7 to the depleted lysate restored the import competence for histone H1. These experiments clearly show that the Imp␤-Imp7 complex is the only import receptor for H1 histones.
Deletion of the Imp␤-binding site of Imp7 abolishes nuclear import competence for H1 but not the binding of the truncated Imp7 to the histone. This indicates that heterodimerization of Imp␤ with Imp7 is required for H1 import and that the simultaneous presence of both import receptors is not sufficient for import. Recently it has been shown that nuclear import of two ribosomal proteins (rpL4 and rpL6) also depends on this complex (26) . However, the requirement for heterodimerization of the two import factors, as we have demonstrated here for H1 histones, has not been proven. Import by the Imp␤-Imp7 heterodimer is also Ran-dependent. RanGTP dissociates the trimeric complex into its constituents, which involves the Ranbinding sites of both importin ␤ and importin 7 (9) . This observation and the results described above demonstrate that Imp7 does not function as an adapter for Imp␤-H1 binding in analogy to Imp␣ in Imp␤-classic NLS binding. In vitro binding assays with core histones show that each of the import receptors Imp␤, Imp5, Imp7, and transportin have the capacity to bind independently from each other (24, 25) . Reconstitution experiments with recombinant factors indicate that each of these factors can independently serve as an import receptor for each of the core histones. These results indicate that despite of similar NLS motifs, core histones and H1 histones are imported by different pathways. Whereas nuclear import of core histones resembles the import of ribosomal proteins, the heterodimeric import receptor requirement of H1 histones seems to be a particular feature of very basic nuclear proteins. This atypical behavior raises the question of the function of this heterodimeric import receptor. There are two explanations for the need of a heterodimeric import receptor for H1 histones. One function of the heterodimer may be the protection of the very basic C-terminal region of the H1 histones from undesired interactions with other cellular components. Such components may be acidic proteins or nucleic acids like tRNA or mRNA. Another explanation is that the heterodimer may facilitate the regulation of the import of H1 histones by changing the amount of Imp7 without affecting the import of other substrates, because no substrate that is exclusively imported by Imp7 has been identified until now. However, in addition to the results shown here, a growing body of evidence indicates that the Imp␤-Imp7 dimer is required as a chaperone and import receptor for nuclear proteins with extended very basic domains. A recent paper published by Jä kel et al. (26) reports that import factors can prevent cytoplasmic aggregation of very basic proteins. The observation that the in vitro reconstitution of nucleosomes from isolated histones and DNA need molecular chaperones, called nucleosomal assembly proteins, and the fact that under physiological salt concentrations and without such factors, histones and DNA form aggregates and precipitate (31) , also support the chaperone function of the Imp␤-Imp7 dimer. Expression of human histone H1°in the yeast S. cerevisiae results in a formation of aggregates of the expressed H1°histone in the cytoplasm (32) . 3 This may be due to the incompetence of the yeast cells for nuclear import and the lack of shielding the very basic H1°protein from undesired interactions with other cytoplasmic components. Because the basic mechanisms of nucleocytoplasmic transport are highly conserved during evolution (34) , homologues of most of the nuclear import receptors of higher eukaryotes are also present in yeast. Importin ␤ is also found in S. cerevisiae (importin ␤/RSL1). The import factors that show the highest sequence similarity to importin 7 (RanBP7) are NMD5 (KAP119) and SXM1 (KAP108) (35) . But sequence comparison of the importin ␤-binding site of importin 7 (aa 1008 -1038) reveals that none of the yeast import receptors show any similarity with this sequence. This is in agreement with the observation that importin ␤ does not form a complex with one of the yeast import factors (9) . Therefore, we conclude that no equivalent import receptor with chaperone function for H1 histones exists in yeast. Because S. cerevisiae does not contain a real linker histone, there is no need for such a chaperone in yeast. 6 . Analysis of the function of the Imp␤-binding site in Imp7. Deletion of the Imp␤-binding site of Imp7 abolished the formation of the trimeric import complex and the import competence for histone H1. We analyzed a truncated form of Imp7 (⌬Imp7) with a deleted Imp␤-binding site. A, in vitro import assay. The import of histone H1°(H1°-Cys) was efficiently reconstituted with Imp␤ and Imp7. When Imp7 was replaced by ⌬Imp7, no import was observed any longer. Apparently, the Imp␤-binding domain of Imp7 is essential for an efficient import of H1, whereas this domain is not necessary for L23a (4z-L23a) import. B, detection of proteins bound to H1°by SDS-PAGE. H1°histone was expressed as a 2z fusion protein and immobilized on IgG-Sepharose. The beads were incubated with recombinant import factors. ⌬Imp7 alone interacts with H1°histone almost as efficiently as the wild type Imp7. In combination with Imp␤, ⌬Imp7 seems to be competed by Imp␤, whereas wt Imp7 is cooperatively bound to the histone.
When we expressed in yeast the entire H1°histone or the fusion proteins of histone H1°or the entire C-terminal domain of H1°fused to ␤-galactosidase, the proteins showed a tendency for cytoplasmic aggregation. In contrast, when we expressed the globular domain or fragments of the C-terminal domain of histone H1°fused to ␤-galactosidase in S. cerevisiae, these proteins were located within the nucleus. 3 We assume that these fragments can be imported by yeast importin ␤ or importin ␤-like import receptors, as we have described above for the mammalian system. This implies that the tendency for aggregation is caused by the nature of the entire C-terminal domain. It has been shown that the C-terminal domain of H1 histone is involved in the formation of higher order chromatin structures (36) by binding to DNA and by interaction with other H1 molecules (37, 38) . Therefore, it may be that intermolecular interactions of the C-terminal domain or binding to nucleic acids may cause the observed aggregation.
Analysis of the interaction of histone H1°and fragments of H1°with nuclear transport receptors shows that all fragments that can function as NLS, with the exception of the globular domain, bind to any of the four import receptors tested (Imp␤, Imp7, Imp5, and Trn1). Fragments from the C-terminal domain smaller than ϳ50 amino acids are imported by each of these import receptors, whereas fragments larger than 50 amino acids require the Imp␤-Imp7 heterodimer for nuclear import. Fragments of the C-terminal domain smaller than 20 amino acids cannot function as an NLS at all (data not shown). This indicates that the need for a heterodimeric import receptor is size-dependent and may also point to a chaperone function of the heterodimeric import receptor. This may indicate that the need for different import pathways for core histones and H1 histones is based on the length of the basic NLS. The absolute requirement for heterodimerization of Imp␤ with Imp7 in H1 histone import may be a prerequisite for the precise match between the large very basic NLS of the cargo and the import receptor that ensures a proper shielding of the basic region of the H1 histones.
Within the nucleus the very basic region of the H1 histones also has to be protected from undesired interactions. Whether the basic region is shielded by the import factors, the nuclear histone-binding proteins (31) , the nucleosome assembly proteins, or the chromatin assembly factors must be clarified in further studies.
Because H1 histones contain multiple NLS and the individual NLS can interact with individual import factors, it is not clear whether the import complex is composed of just one of each of the interaction partners (Imp7, Imp␤, and H1) or has a different stoichiometry. The C-terminal domain of the H1 histones behaves as the entire H1 protein in respect to factor binding and to the need for the heterodimeric import receptor, whereas in addition the globular domain can also act as a NLS. Therefore, further experiments will concentrate on the detailed analysis of the in vivo structure and stoichiometry of the import complex.
